The resonance effects on the Raman spectra from 5 to 900 cm −1 of few-layer MoS2 thin films up to 14-layers were investigated by using six excitation energies. For the main first-order Raman peaks, the intensity maximum occurs at ~2.8 eV for single layer and at ~2.5 eV for few-layer MoS2, which correspond to the band-gap energy. At the excitation energy of 1.96 eV, several anomalous behaviors are observed. Many second-order peaks are anomalously enhanced even though the main firstorder peaks are not enhanced. In the low-frequency region (<100 cm −1 ), a broad peak centered at ~38 cm −1 and its second order peak at 76 cm −1 appear for the excitation energy of 1.96 eV. These anomalous resonance effects are interpreted as being due to strong resonance with excitons or exciton-polaritons.
Introduction
Transition metal dichalcogenides (TMDCs) such as MoS2 and WSe2 films are attracting much interest as semiconducting 2-dimensional (2D) materials for flexible electronic devices. 1, 2 In addition to possible applications, these materials are intensely investigated as model systems for studying electronic interactions in ideally confined 2D systems in comparison with semiconductor quantum wells which are only quasi-2D. Of the TMDCs, MoS2 is the most extensively studied. [2] [3] [4] Owing to the band gap which is tunable by controlling the thickness, MoS2 is expected to complement or replace graphene in electronic devices such as field effect transistors 1, 5, 6 or photodetectors [6] [7] [8] where a sizable band gap is necessary.
The optical properties of MoS2 are also attracting interest. Strong photoluminescence (PL) signal from excitonic states are observed at all thicknesses. 2, 9 A negative trion state, where two electrons and a hole form a bound state, has also been observed. 10 Single-layer MoS2 can have either trigonal prism (1H-MoS2) or octahedral (1T-MoS2) coordination. 11, 12 1T-MoS2 is metastable, and only the trigonal phase is found in natural bulk MoS2. 12, 13 In bulk MoS2, two types of stacking, hexagonal 2H and rhombohedral 3R, are found. Naturally occurring MoS2 crystals (molybdenite) are predominantly 2H type. 14 The basic building block of 2H type MoS2 is 3 composed of two S layers and one Mo layer arranged in hexagonal lattices. 11, 15 These layers are covalently bonded to one another and form a 'trilayer' (TL). Each TL is connected to neighboring TLs via weak van der Waals interactions. 16 The schematic of crystal structure is shown in Figure 1 (a). Due to the weak coupling between the TLs, it can be easily cleaved by using the well-developed mechanical exfoliation technique.
As in the case of graphene, Raman spectroscopy has emerged as a powerful tool to measure the thickness of MoS2 thin films. The separation between the two most prominent peaks 1 
g E and 1g
A depends on the thickness and is widely used to determine the number of TLs. 17 In the low-frequency region (<100 cm −1 ), interlayer shear and breathing modes are observed as a function of the thickness 18, 19 and provide valuable information about the interlayer interactions in layered materials. Several groups have also reported the resonance effects in Raman scattering of bulk [20] [21] [22] [23] and thin-film 24, 25 MoS2. The resonance effects are mostly observed when the excitation energy matches with the energy of the excitonic peaks in the PL spectra. Several weak features are enhances near the resonances. [20] [21] [22] [23] [24] [25] The resonance effects on the low-frequency shear and breathing modes have not yet been studied as much, probably due to experimental difficulties. Here we report on Raman scattering measurements on MoS2 thin films up to 14 TLs and the resonance effects including low frequency shear and breathing modes.
Several major effects that were not observed or overlooked in previous studies are observed and interpreted in terms of anomalous resonance effects.
Experimental
The samples were prepared directly on SiO2/Si substrates by mechanical exfoliation from single-crystal bulk MoS2 flakes (SPI supplies). We measured several samples with different thicknesses, but the results are essentially identical. The results reported here are mostly from the sample in Fig. 1(b) , which eliminates possible sample-to-sample variations. The number of TLs was determined by the combination of AFM, Raman, and PL measurements. We used 6 different excitation sources: the 325 and 441.6-nm (3.81 and 2.81 eV) lines of a He-Cd laser, the 488 and 514. OptiGrate for 632.8-nm excitation) were used to reject the Rayleigh-scattered light. The laser power was kept below 0.2 mW for all of the measurements in order to avoid heating. The spectral resolution and the repeatability were about 1 cm −1 . The AFM measurements are performed by using a commercial system (NT-MDT NTEGRA Spectra).
Results and discussion

Resonance effects on main first-order peaks
Figure 1(b) shows the optical image of a sample which includes 1 to 14-TL areas determined by using atomic force microscopy (AFM) as shown in Fig. 1(c) . We measured several samples with different thicknesses, but the results reported here are mostly from the sample in Fig. 1(b) , which eliminates possible sample-to-sample variations. The PL spectra taken with the excitation energy of 2.41 eV show two peaks between 1.8 and 2.0 eV for all the thicknesses (See Fig. S1 †) . These peaks correspond to the A and B excitons at the K ( K ) point, respectively. The A exciton peak exhibits a slight asymmetry, which might be due to the negatively charged trion state (A -). 10 The peak positions do not vary much with the number of TLs. A weaker peak is observed at 1.3~1.5 eV except for single-layer MoS2. This peak redshifts with the number of TLs and is assigned to the indirect band gap transition. These results are consistent with previous reports. 2, 9 According to calculations, 3, 4, [26] [27] [28] single-layer MoS2 is a directgap semiconductor with the band gap at the K point of the Brillouin zone. For 2TL or thicker, the band gap becomes indirect, with the valence band maximum at the Γ point. From the peak position of indirect-gap PL, one can determine the number of TLs up to 4 layers. Also, the intensity map of either A or B exciton peak can be used to visualize the number of TLs (Fig. S1 †) . However, there is still quantitative disagreement regarding the band gap energy. Although excitonic peaks are observed below 2 eV, recent calculations predict the band gap energy of single-layer MoS2 to be ~2.8 eV. 4 The difference is usually attributed to the large exciton binding energy due to reduced screening in 2D materials. Our resonance Raman study may shed some light on this controversy. Since the symmetry groups for bulk MoS2 and few-layer MoS2 are different, the peak notations should 6 in principle be different even though they originate from similar vibrational modes. 18, 19 To avoid confusion, however, we will follow the peak notations for bulk MoS2. The most prominent Raman peaks are 1 2 g E and 1g
A modes. As the number of TLs increases, the 1 2 g E mode redshifts whereas the 1g A mode blueshifts. Since these peaks are from first-order Raman scattering processes, there is no excitation energy dependence (see Fig. S6 †). 32 The separation between these two peaks increase with thickness and is routinely used to identify the number of TLs. 17 Upon close inspection, one finds several weak peaks in the Raman spectra. The relative intensities of the weaker peaks depend on the excitation energy. Some peaks appear only for a specific excitation energy, suggesting a resonance effect. The peaks are assigned by comparing their positions with the phonon dispersion of bulk MoS2. 20, 33, 34 Some peaks are assigned to first-order scattering of zero-momentum, zone-center (Γ) phonons. Others are assigned to second-order scattering involving phonons at the zone boundary (M) or at the zone center (Γ). Table 1 summarizes the peak positions and the assignments of these weaker peaks. A , respectively, show resonance effects for several TLs. For 1TL, the resonance occurs at 2.8 eV or higher.
For 2TL, it is between 2.54 eV and 2.81 eV. For thicker layers, the resonance is close to 2.54 eV.
Theoretical calculations show that the direct gap at the K point decrease from 1TL to 2TL, and the bulk has even smaller value. 3, 26, 27 Our results indicate that the direct gap does not change appreciably between 3TL and bulk. Furthermore, our results corroborate recent calculations that predict direct band gaps near 2.8 eV or higher for 1 and 2TL. 3,4 Raman intensities of (b) and (c) as a function of the excitation energy for several TLs.
Resonance effects on forbidden modes
excitation energy. The sharp peak at 285 cm −1 is observed in all samples and is strongly enhanced for excitation energies larger than 2.5 eV. This peak was previously observed in bulk MoS2 and was assigned as the 1g E mode, in which the Mo atoms are stationary and the S atoms above and below the Mo atom move in opposite directions on the lattice plane. However, the 1g E mode in bulk MoS2 is forbidden in backscattering geometry. In order to test the possibility that its appearance is due to oblique incidence of the excitation laser because of the large N.A. of the objective lens, we repeated the 
Low-frequency modes
Breathing and shear modes 18, 19, 37 for determining the number of TLs up to the largest number of TLs measured (14TL). Since these modes are from first order Raman processes, these features do not depend on the excitation energy [ Fig. 5(c) ].
On the other hand, dramatic changes are observed for the 1.96-eV excitation, which is close to the energies of the excitonic PL peaks in Fig. S1 (a) †. A broad and strong peak (X) centered at 38 cm −1 and its second-order (2X) signal at 76 cm −1 is seen only for the 1.96-eV excitation. The peak position does not depend on the number of TLs. It is seen even for the 1TL sample. This peak was observed before and was interpreted as an electronic Raman scattering associated with the spin-orbit coupling induced splitting in a conduction band at K points. 38 However, our circularly polarized Raman scattering measurements indicate that this peak is not due to a spin-flip scattering process Suppose that the excitation laser energy is slightly larger (smaller) than the exciton energy. An exciton can be formed by absorbing the photon and emitting (absorbing) acoustic phonons which would make up the small energy difference between the photon and the exciton. The re-emitted photon through the exciton state would be slightly shifted from the laser wavelength by the phonon energy. The momentum conservation condition is partially relaxed due to the strong binding between the electron and the hole in an exciton. Such scattering probability would decrease as the energy (and the momentum) of the phonon increases. Since the exciton energy varies due to inhomogeneity in the sample or the environmental factors, the emitted (absorbed) photon energy would be centered around the excitation energy [See Fig.   6(a) ]. 39 Because the Stokes scattering is always stronger than the anti-Stokes scattering, the central peak is slightly asymmetric. E phonon, both along the c axis, 22, 40 through resonance with exciton-polariton bands near the zone center. However, the QA phonon frequency should depend on the number of TLs, which contradicts our observation.
Anomalous
Furthermore, the appearance of this peak in the spectrum for 1TL [Figs. 4(f) and S2 †] cannot be explained since a QA phonon mode in the c axis direction does not exist for 1TL. We propose that this peak is due to a scattering by the combination of the between exciton-polariton bands are met by modes with different momenta, the Raman shifts are different for the two cases. 40 This interpretation implies that the X mode is dispersive because 2 1u
E is dispersionless, which should be verified in future work.
The broad and asymmetric peak at ~460 cm −1 is a convolution of several components. In addition to A branches, mediated by an exciton-polariton transition. We note that Gołasa et al. 43, 44 A has a relatively flat dispersion (large DOS) whereas the acoustic phonon LA has a large
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DOS only near the zone boundaries (M or K). Since the frequencies of these phonon branches near the M and K points are more or less similar, 35 , a Stokes/anti-Stokes combination scattering which rapidly disappears as the temperature is lowered. The relative enhancement of these peaks for the 1.96-eV excitation may be explained in terms of the resonance with excitons. Due to the large exciton binding energy, the wavefunction has a small spatial extent, which means that it contains large-k components of the host lattice wave functions. Therefore, two-phonon scattering involving zone-boundary phonons would be relatively enhanced when the excitation energy matches the exciton energy.
Resonance enhancement of combination modes for 3.81-eV excitation
A series of peaks centered at 629, 756, 781, and 822 cm −1 are strongly enhanced for the 3.81 eV excitation, especially for 1TL and 2TL. These peaks, except the one at 629 cm −1 , were reported by Sun et al. 45 and were interpreted as being due to 'triply resonant 2-phonon scattering' mediated by the valence bands split by spin-orbit interaction. They proposed that the resonance of the excitation laser energy with the band gap between the top of the valence band and the c6 conduction band at the K point explains the strong resonance for the 3.81 eV (325 nm) excitation.45 However, more recent calculations based on GW-Bethe-Salpeter equation (GW-BSE) approach 4 established that the conduction band positions are ~1 eV higher than the values used in Ref. 45 . Therefore, the resonance cannot be between the top of the valence band and the c6 conduction band, which are separated by ~4.5 eV. 4 Furthermore, the spin-orbit splitting in the valence band for 1TL is 140±10 meV, which corresponds to ~1100 cm −1 and does not match the Raman shifts of the peaks. Based on the GW-BSE results, 4 we propose a modified model for these peaks. Since the spin-orbit splitting in the valence band gets smaller as k moves away from the K point, one can find a k value for which the spin-orbit splitting matches the energy of 2 phonons. As shown in Figs. 6c-f, several different processes are possible. The momentum of the phonons involved in each of these processes would be different. However, since the phonon dispersion is relatively flat, the involvement of phonons with different momenta would just broaden the Raman peaks. Furthermore, since this resonance occurs away from the K point, the electronic transition energy is somewhat larger than the K-point band gap of ~2.8 eV and close to the excitation energy of 3.81 eV. This would explain why these peaks are strongly enhanced for 3.81 eV and not for 2.81 eV.
The conduction bands tend to move down as the number of TLs increases. This also explains why these peaks are most prominent only for 1TL and 2TL and become weaker for thicker layers.
Conclusions
In summary, we investigated various Raman features of MoS2 thin films as a function of the number of A modes up to 14TL and bulk for 6 excitation energies. The data for the 3.81 eV excitation show larger scatter due to a lower spectral resolution at short wavelengths. 
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